Gas flow is used to guide the growth of ultralong single-walled carbon nanotubes (SWCNTs) with complex shapes. Large-area cross-shaped networks of ultralong SWCNTs are obtained by a two-step chemical vapor deposition process. Also non-straight SWCNTs of different shapes are prepared by modifying the gas flow with tiny barriers. The shapes of the SWCNTs replicate the streamline patterns accordingly. The SWCNTs with designed patterns and shapes may be used in high performance nanoelectronics.
Introduction
As one of the most important and representative onedimensional nanomaterials, single-walled carbon nanotubes (SWCNTs) have attracted much attention. Because of their unique mechanical, electrical and optical properties [1] , they have shown many potential applications in nanoscience and nanotechnology [2] [3] [4] [5] [6] . One of the most prospective and exciting applications of SWCNTs is in the area of nanoscaled electronics and optoelectronics [7, 8] . The control over the structure and orientation of SWCNTs is crucial for this usage [9] .
The structural control of SWCNTs is still a big challenge. However, much progress has been made in this area. For example, the diameter of SWCNTs has been partially controlled by the size of the catalyst particles [10] and the chirality of SWCNTs has been found to be dependent on the chemical vapor deposition (CVD) conditions [11, 12] .
Many efforts have also been made on the orientation control. Aligned straight SWCNTs have been prepared with several kinds of strategies in CVD growth [13] . The direction of SWCNTs has been guided by the external electric field [13, 14] , the lattice structure of the substrate [9, [15] [16] [17] [18] [19] and the gas flow [20] [21] [22] [23] . Among these methods, the gasflow-guided process is of special interest in at least three aspects: it can be applied in growing ultralong SWCNT arrays on commercial silicon wafer substrates [20] , which can then be processed with procedures compatible with current silicon-based microelectronics technology; it can obtain SWCNTs with much larger lengths (centimeters, or even longer) [23] , which is superior for building large scale integrated circuits [24] ; it is a cheaper and more straightforward method.
Here we will further show that the gas-flow-guided method is very flexible and promising to control the growth direction of SWCNTs. Large scale cross-shaped SWCNT networks can be reliably obtained. This kind of SWCNT-based nanostructure is both important for building large scale integrated circuits [25] and various functional nanodevices [3, 26] for future nanoelectronics. Because the SWCNTs can be employed as both molecular device elements and connecting wires, the crossed SWCNTs are expected to be used to construct nonvolatile random access memory and logic function tables [3, 27] .
The SWCNTs need to be positioned in the designed manner to build integrated devices. Apparently this job cannot be finished by only straight SWCNTs. Turns and curved tubes are undoubtedly needed. However, it is very difficult to manipulate a straight SWCNT, which has such a small diameter of around 1 nm, on a silicon wafer because the interaction between the SWCNT and silica is very strong [28] . Also the manipulation may introduce some damage to the structure of the SWCNT [29] . Therefore, the direct growth of SWCNTs with designed shapes on silicon wafers is very important.
Moreover, in the gas-flow-guided growth process, the SWCNTs grow along the flow direction. The shape of the SWCNTs records the status of the gas flow. Then the streamlines are visualized by the SWCNTs. This may be an additional use of this method.
Experimental details

CVD growth of SWCNTs
1 mM CuCl 2 ethanol solution was used as the catalytic precursor. Silicon wafers with 500 nm silica layer were used as the substrates. The catalyst solution was dropped onto a polydimethylsiloxane (PDMS) stamp [30] . Then after the evaporation of solvents, the PDMS stamp was pressed onto the substrate to make the catalytic precursors adhere to the substrate in the area within ∼1 mm of the front edge of the substrate. A bigger wafer was used as the support to hold the substrate and barriers. Small ceramic cylinders (5 mm in diameter, 10 mm in height) were placed beside the substrate in the designed arrangement.
The large wafer which held the substrate and barriers was put into a horizontal quartz tube (25 mm in diameter) equipped with a tube furnace and was calcined in air at 700
• C for 5 min, and then pulled out of the heating zone. Then the quartz tube was continuously heated to 975
• C under an Ar flow of 500 sccm. Subsequently, the Ar was turned off and a mixed flow of CH 4 (400 sccm) and H 2 (400 sccm) was introduced into the system. Meanwhile, the wafer was pulled into the heating zone for 15 min of CVD growth of the SWCNTs. Finally, the quartz tube was cooled down to room temperature under Ar.
Characterization
Scanning electron microscopy (SEM) images were taken on a Hitachi S4800 Scanning Electron Microscope at an acceleration voltage of 1 kV. Atomic force microscope (AFM) images were taken on a Seiko SPA400 SPM. Raman spectra were collected on a Jobin Yvon LabRam HR 800 micro-Raman spectrometer with the excitation wavelength of 632.8 nm and spot size of 1 μm, using a 100× air objective. The laser energy was carefully controlled to avoid any heating effect.
Hydromechanical simulations
Gambit2.0 was used to build models and Fluent6.1 was used to carry out the simulation with a segregated, implicit, steady and two-dimensional solver. 
Results and discussion
Theoretically, the gas flow patterns around cylinders can be evaluated mainly by Reynolds number:
where ρ is the density of gas mixture, v is the flow speed, d is the cylinder diameter and μ is the gas viscosity. The flow is steady and symmetrical when the Reynolds number is small. With the increase in the Reynolds number, asymmetries and time dependence are developed, eventually resulting in the famous von Karmann vortex street, which leads to turbulence [31, 32] . From the calculation, we estimate that the Reynolds number of the reaction gas mixture is ∼3.1. In this condition, the flow around cylinders is laminar and no obvious von Karmann vortex street appears. The flow patterns at our experimental conditions are quite suitable for orientation control [23] . When unidirectional gas flow is used to guide the growth, horizontally aligned straight ultralong SWCNT arrays will be obtained [20] [21] [22] . If the CVD process is performed twice with perpendicular growth directions, cross-shaped networks of ultralong SWCNTs will be produced. Figure 1 shows the largearea cross-shaped networks of ultralong SWCNTs obtained by using copper as catalyst [22] . As shown in figure 1 , wellorganized SWCNT networks distribute all over the surface of the silicon wafer. Also the SWCNTs orient orderly along the direction of the gas flow.
Then what will happen if the gas flow used to guide the CVD growth of the SWCNTs is not unidirectional? It has been proved that carbon nanotubes are floating in the gas flow while growing [23] . Therefore complicated patterns of horizontal SWCNT arrays may be obtained simply by changing the gas flow pattern. We introduced some tiny barriers into the system to modify the gas flow direction. Hydromechanical simulations were performed to depict how the barriers influence the status of the gas flow.
When a triangular prism barrier was placed beside the substrate, the streamlines, which indicate the trajectories of figure 2(a) illustrates the site where the silicon wafer for tube growth was located. The sample was checked with SEM. The merged SEM images in figure 2(b) show the panorama of the grown tubes. The orientation of the SWCNT array is no longer parallel to the axes of the quartz tube, but changes along the pattern of the gas flow. The growth direction copies the calculated streamlines well. However, no obvious reduction of tube density is found.
Then we used tiny cylindrical barriers to obtain a more complicated gas flow. Figure 3 shows the results when one cylinder was placed beside the silicon wafer. Figure 3(a) shows the streamline pattern from hydromechanical simulation. The white circle in figure 3(a) illustrates the cylindrical barrier. The streamlines near the barrier are curved according to the simulation. Figure 3(b) shows the streamlines just above the silicon wafer substrate for the SWCNT growth. As shown in figure 3(c) of the merged SEM images, the shape of SWCNTs replicates the streamlines again. Figures 4 and 5 show the hydromechanical simulation and SWCNT growth results when two and three cylindrical barriers were used, respectively. Without any exception, the SWCNT arrays both replicate the streamlines quite well. It is very interesting that the density of SWCNTs in the center of the wafer is much higher than that near the edges in figure 4 . This indicates that the density of SWCNTs can be controlled by changing the gas flow status. Sometimes, it is noticed that the density of the SWCNTs at the beginning part of the wafer is higher than that at the end. One possible reason is that some of the SWCNTs have aggregated into bundles. In figure 6(a) , the SWCNTs lie separately at the beginning of the silicon wafer, and the arrows in figure 6 (b) point out the sites where the individual SWCNTs were aggregated into bundles. Typical AFM images of an individual SWCNT from the beginning part Figures 6(e) and (f) present the typical Raman spectra taken at the beginning part and at the end of the same sample, respectively. During the measurement with micro-Raman, careful tuning of the spectrum-taken site was made to ensure that each spectrum is from one feature on the substrate. Each spectrum in figure 6 (e) only contains one radius breathing mode (RBM) band, while each spectrum in figure 6(f) shows more than one RBM band, which indicates the presence of bundled SWCNTs. Another reason is that some SWCNTs end their growth when they have reached a length of at least several millimeters. The presence of barriers in the system may somewhat influence the stability of the gas flow, which then may increase the possibility of the heads of SWCNTs touching the substrate, which could end the growth [10] .
Conclusions
The gas-flow-guided growth is a versatile method to obtain various complicated patterns of SWCNTs. By a two-step CVD process, large-area cross-shaped networks of ultralong SWCNTs are prepared. By introducing tiny barriers to modify the gas flow, non-straight SWCNTs with different shapes are obtained. The SWCNTs with complex patterns and shapes may find important applications in future SWCNT-based large scale integrated circuits and other devices for high performance nanoelectronics. The obtained SWCNTs replicate well the patterns of the streamlines. This gives further evidence that the orientation of the SWCNTs can be flexibly controlled by the gas flow. Meanwhile, the shape of the SWCNTs records the pattern of the streamlines and can make the streamlines visible. It is expected that the SWCNTs can be used to trace the status of the gas flow at the nanoscale, which may be very helpful for the study of nanoscaled hydromechanics.
